An increased risk of HIV-1 associated dementia (HAD) has been observed in patients abusing methamphetamine (METH). Since both HIV viral proteins (gp120, Tat) and METH induce oxidative stress, drug abusing patients are at a greater risk of oxidative stress-induced damage. The objective of this study was to determine if N-acetylcysteine amide (NACA) protects the blood brain barrier (BBB) from oxidative stress-induced damage in animals exposed to gp120, Tat and METH. To study this, CD-1 mice pre-treated with NACA/saline, received injections of gp120, Tat, gp120 + Tat or saline for 5 days, followed by three injections of METH/saline on the fifth day, and sacrificed 24 h after the final injection. Various oxidative stress parameters were measured, and animals treated with gp120 + Tat + Meth were found to be the most challenged group, as indicated by their GSH and MDA levels. Treatment with NACA significantly rescued the animals from oxidative stress. Further, NACA-treated animals had significantly higher expression of TJ proteins and BBB permeability as compared to the group treated with gp120 + Tat + METH alone, indicating that NACA can protect the BBB from oxidative stress-induced damage in gp120, Tat and METH exposed animals, and thus could be a viable therapeutic option for patients with HAD.
Introduction
HIV-1-associated-dementia (HAD), a neurological syndrome characterized by cognitive deficits and motor and behavioral dysfunctions, is one of the most common complications associated with human immunodeficiency virus (HIV-1) infection [1] [2] [3] [4] . A third of the adults and half of the children with HIV infection have been reported to develop HAD [5] . HAD is one of the most common causes of dementia worldwide among people aged 40 years or less, and is a significant independent risk factor in death due to HIV infection [6] . Though the clinical and pathological conditions of HAD have been well characterized, the pathogenesis of the progression of the disease is not well understood.
The blood-brain barrier (BBB), defining an interface between the central nervous system and the blood, performs the essential function of shielding the brain from toxic substances and is believed to play an important role in the development of HAD [7, 8] . Studies have shown that disruption of the BBB is more frequent in HAD patients when compared with non-demented HIV patients or control patients [9] . Furthermore, the HIV-1 envelope glycoprotein (gp120) and transregulatory protein (Tat) of HIV-1 are neurotoxic and cytotoxic and have been implicated in the development of HAD [10, 11] . Previous studies have reported that oxidative stress-induced by gp120 and Tat leads to the disruption of the BBB [12] . A dose-dependent increase in oxidative stress and decrease in intracellular glutathione have been observed in brain endothelial cells treated with Tat [9] .
In addition to this, many HIV-positive patients use addictive drugs like methamphetamine (METH), which is a well known neurotoxicant [13] [14] [15] . METH has been reported to promote dopamine release in the nucleus accumbens, leading to degeneration of the striatal dopamine terminals [16, 17] . Further, dopamine oxidation leads to the formation of reactive oxygen species, which disturbs the antioxidant defense mechanism in the body leading to oxidative stress-induced damage [18] . Overproduction of superoxide radicals and a decrease in antioxidant enzyme activity have been observed in mice treated with METH. Degeneration of various regions of the brain, particularly the BBB, has also been reported due to METH abuse. Brain degeneration is associated with modifications of the BBB [19] . Disruption of the tight junctions (TJ) is one of the common causes of BBB dysfunction. TJs are composed of the tight junction proteins (Occludin, Claudin, Zona Occludens), and play an important role in maintaining the structural integrity and low permeability of the BBB [20] . Disruption of the BBB has been reported to contribute to the progression of various neurological diseases like multiple sclerosis, Alzheimer's and Parkinson's disease [21] . Further, oxidative stress has also been reported to be an important factor in BBB dysfunction [22] . Under physiological conditions, the integrity of the BBB is protected from oxidative stress because the BBB has high levels of antioxidant enzymes. However, under oxidative stress, depletion of these antioxidant enzymes leads to the increase in permeability and loss of integrity of these endothelial cells [23] . Supplementation of antioxidants is becoming increasingly popular in oxidative stress-related disorders. Thiol antioxidants like cysteine, glutathione and N-acetylcysteine (NAC) have been shown to provide a protective effect against stress-related disorders [24] [25] [26] [27] . However, some of these thiols, such as NAC, have been reported to have several side effects and toxicities such as suppressing respiratory burst, and causing toxic accumulation of ammonia in the liver [28, 29] . In addition, bioavailability of NAC is very low because its carboxylic group loses its proton at physiological pH, making the compound negatively charged and consequently less permeable. N-acetylcysteine amide (NACA), a modified form of NAC, where the carboxyl group has been replaced by an amide group, has been found to be more effective in neurotoxic cases because of its ability to permeate cell membranes and the BBB [29] .
Since METH has been shown to induce oxidative stress, it was of significant interest to understand if METH potentiated the oxidative stress induced by HIV-1 proteins gp120 and Tat at the BBB. Also, the efficacy of the thiol antioxidant NACA to confer protection to animals exposed to gp120, Tat and METH, and to abrogate the oxidative stressinduced damage at the BBB was investigated.
Materials and Methods

Materials
CD-1 mice were obtained from the in-house colony at the VA medical center-St. Louis. N-acetylcysteine amide (NACA) was provided by Dr. Glenn Goldstein (David Pharmaceuticals, New York, NY, USA). N-(1-pyrenyl)-maleimide (NPM) was purchased from Sigma (St. Louis, MO). High-performance liquid chromatography (HPLC) grade solvents were purchased from Fisher Scientific (Fair Lawn, NJ). All other chemicals were purchased from Sigma (St. Louis, MO), unless stated otherwise.
Animal experiments
Male CD-1 mice (30-35 g, 7 weeks old) were obtained from the inhouse breeding colony at the VA Medical Center-St. Louis and were housed at the University of MO-Rolla in a controlled-temperature (20°-23°C) and controlled-humidity (∼55%) animal facility, with a 12 h light and dark cycle. The animals had unlimited access to rodent chow and water, and were used after 1 week of acclimatization. All animal procedures were conducted under an animal protocol approved by the Institutional Animal Care and Use Committee of the Missouri University of Science and Technology. The mice were divided into two major groups: an experimental and a control group. The animals in the experimental group were further divided into seven groups (n = 8 each): [1] gp20 [2] Tat [3] gp120 + Tat [4] METH [5] gp120 + Tat + METH [6] heat inactivated gp120 [7] heat inactivated Tat. The animals in the control group (n = 4 each) were divided into [1] control and [2] NACA only-treated group. All animals in the control and experimental groups were injected (i.p) with either saline or NACA (250 mg/kg body weight), 30 min before exposure to gp120, Tat or METH. The animals in the experimental group were injected (i.v) with either gp120 (200 ng) or Tat (50 ng) or a combination of both, for 5 consecutive days (Fig. 1) . The animals in the METHtreated group were injected (i.v) with 3 doses of METH (10 mg/kg body weight), 2 h apart on the 5th or the last day of the treatment. {The dosage and route of METH used in this experiment have been based on previous studies [30] [31] [32] . In the literature, 10 mg/ kg body weight dose of METH has been reported to have the most consistent evidence of METH-induced CNS pathology [33] . Further, METH abusers vary widely in their dosage/ frequency of use. Studies suggest that the doses of METH used by humans range from 5-1000 mg over a period of 24 h [34] . Further, a study conducted by Zule and Desmond [35] , indicated that among METH users, the most common pattern was to use 2-3 injections per day on 1-2 days per week.} No evidence of toxicity was observed in the animals treated with gp120 and Tat proteins. However, the animals treated with METH experienced hyperactivity and aggression. The mice were sacrificed 24 h after the last METH injection by urethane injection. All mice were weighed at the beginning and at the end of the study. Following sacrifice, each brain was harvested and divided into two parts, of which, one was snap frozen in liquid nitrogen and the remaining tissue was stored in an antioxidant buffer [8.6 mM sodium phosphate dibasic (Na 2 HPO 4 ), 26.6 mM sodium phosphate monobasic (NaH 2 PO 4 ), 50 μM butylhydroxytoluene (BHT), 10 mM aminotriazole, 0.1 mM diethyltriaminepentaacetic acid (DTPA)] at −80°C for further analysis.
Determination of GSH levels
The levels of GSH in the brain were determined by RP-HPLC, according to the method developed in our laboratory [36] . The HPLC system (Thermo Electron Corporation) consisted of a Finnigan Spectra System vacuum membrane degasser (model SCM1000), a gradient pump (model P2000), autosampler (model AS3000), and a fluorescence detector (model FL3000) with λex = 330 nm and λem = 376 nm. The HPLC column used was a Reliasil ODS-1 C 18 column (5-μm packing material) with 250 × 4.6 mm i.d (Column Engineering, Ontario, CA). The mobile phase (70% acetonitrile and 30% water) was adjusted to a pH of 2 with acetic acid and o-phosphoric acid. The NPM derivatives of GSH were eluted from the column isocratically at a flow rate of 1 ml/min. The tissue samples were homogenized in a serine borate buffer, centrifuged, and 250 μl of the supernatant were added to 750 μl of 1 mM NPM. The resulting solution was incubated at room temperature for 5 min, and the reaction was stopped by adding 10 μl of 2 N HCl. The samples were then filtered through a 0.45-μm filter and injected into the HPLC system.
Determination of malondialdehyde (MDA)
The MDA levels were determined according to the method described by Draper et al. [37] . Briefly, 550 μl of 5% tricholoroacetic acid (TCA) and 100 μl of 500 ppm butylated hydroxytoluene (BHT) in Fig. 1 . Schematic representation of the study protocol. Male CD1 mice were injected with gp120 and Tat for 5 consecutive days. Animals in the methamphetamine treated group were injected with 3 doses, at 2 h intervals on the fifth day. All of the animals were pretreated with either NACA or saline, 30 min before exposure to HIV viral proteins and methamphetamine, as mentioned in the Materials and Methods Section. The mice were sacrificed by urethane injection 24 h after the last methamphetamine injection.
methanol were added to 350 μl of the tissue homogenates, and boiled for 30 min in a water bath. After cooling on ice, the mixtures were centrifuged, and the supernatant collected was mixed 1:1 with saturated thiobarbituric acid (TBA). The mixture was again heated in a water bath for 30 min, followed by cooling on ice. 500 μl of the mixture was extracted with 1 ml of n-butanol and centrifuged to facilitate the separation of phases. The resulting organic layers were first filtered through 0.45 μm filters and then injected into the HPLC system (Shimadzu, US), which consisted of a pump (model LC-6A), a Rheodyne injection valve and a fluorescence detector (model RF 535). The column was a 100 × 4.6 mm i.d C 18 column (3 μm packing material, Astec, Bellefonte, PA). The mobile phase used contained 69.4% sodium phosphate buffer, 30% acetonitrile, and 0.6% tetrahydrofuran. The fluorescent product was monitored at λex = 515 nm and λem = 550 nm. Malondialdehyde bis (dimethyl acetal), which gives malondialdehyde on acid treatment, was used as a standard.
Determination of Glutathione Peroxidase (GPx) Activity
Glutathione peroxidase (GPx) protects mammals against oxidative damage by catalyzing the reduction of a variety of ROOH or H 2 O 2 using GSH as the reducing substance. The GPx-340™ assay (Oxis International, Beverly Hills, CA) is an indirect measure of the activity of GPx. Oxidized glutathione (GSSG), produced upon reduction of an organic peroxide by GPx, was recycled to its reduced state by the enzyme glutathione reductase (GR). The oxidation of NADPH to NADP + was accompanied by a decrease in absorbance at 340 nm (A340), providing a spectrophotometric means for monitoring GPx enzyme activity. The molar extinction coefficient for NADPH is 6220 M -1 cm
at 340 nm. To measure the activity of GPx, tissue homogenate was added to a solution containing glutathione, glutathione reductase, and NADPH. The enzyme reaction was initiated by adding the substrate, tert-butyl hydroperoxide, and the absorbance was recorded at A340. The rate of decrease in the A340 was directly proportional to the GPx activity in the sample.
Determination of Protein Carbonyl
The protein carbonyl levels were determined according to the method described by Dalle-Donne et al. [38] . This assay measures protein carbonyls, as an indicator of protein oxidation, using 2,4-dinitrophenylhydrazine (DNPH). DNPH reacts with protein carbonyls to form hydrazones that can be measured spectrophotmetrically. Briefly, 500 μl of 10 mM DNPH (dissolved in 2.5 M HCl) was mixed with 1 mg of protein samples. Equal amounts of protein samples without DNPH were used as controls. Both the control and DNPHtreated samples were then incubated in the dark for 1 h and vortexted every 10 min. After the incubation, 500 μl of 20% trichloroacetic acid (TCA) solution were added to each tube and the tubes were placed on ice for 5 min after vortexing. The tubes were then centrifuged at 10,000 ×g for 5 min at 4°C. The supernatant was discarded and the pellet was again resuspended, first in 20% TCA and later in ethanol/ ethyl acetate mixture (1:1), to remove any free DNPH. This procedure was repeated three times, and the sample was resuspended in 6 M guanidine hydrochloride (dissolved in 2 N HCl, pH 2.3) at 37°C for 15 min with vortexing. The protein carbonyl content was determined from the absorbance at 366 nm using a molar absorption coefficient of 22,000 M -1 cm -1
.
Determination of protein
Protein levels of the tissue samples were measured by the Bradford method [39] . Concentrated Coomassie Blue (Bio-Rad, Hercules, CA) was diluted 1:5 (v/v) with distilled water. 20 μl of the diluted tissue homogenate were then added to 1.5 ml of this diluted dye, and absorbance was measured at 595 nm using a UV spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD). Bovine serum albumin (BSA) was used as the protein standard.
Western Blot Analysis
Brain homogenates were prepared in lysis buffer (1% triton-x-100, 50 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 2 mM sodium vanadate, 0.2 mM PMSF, 1 mM HEPES, 1 μg/ml leupeptin, and 1 μg/ml aprotinin) and protein concentration was estimated using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) as mentioned before. Briefly, 50 μg of tissue homogenate were resolved by electrophoresis on a 12% sodium dodecyl sulfate (SDS) polyacrylamide gel (120v, 1.5 h) in a running gel buffer containing 25 mM Tris, pH 8.3, 162 mM glycine, and 0.1% SDS. The samples were transferred to nylon membrane for 1 h and 20 min at 350 mA. The membranes were incubated overnight in a mixture of T-TBS with 0.1% tween in 2% milk and the respective antibodies {ZO1, ZO2, Claudin 5, Occludin antibody (Invitrogen Corporation, Carlsbad, CA) and GAPDH (Cell Signaling Technology, Inc. Danvers, MA)} in 1:1000 dilution. Subsequently the membrane was incubated in the respective secondary antibody (1:10,000) for 1 h at room temperature. Final visualization was carried out with the enhanced chemiluminescence kit (Bio-Rad, Hercules, CA). The protein bands were quantitated by densitometry, where band intensity ratio of the treated group over the untreated group or control was calculated [40] .
Evaluation of BBB permeability
Changes in the permeability on the BBB were assessed using the fluorescent tracer, sodium-fluorescein (NA-F), as described previously [40] [41] [42] . Briefly, mice were injected with 100 μl of 2% Na-F in PBS, after which (30 mins later) they were anesthetized with urethane, and then transcardially perfused with PBS until colorless perfusion was visualized. The animals were then decapitated and the brains isolated, were weighed and homogenized in 10 times volume of 50% trichloroacetic acid. The homogenate was then centrifuged for 10 min at 13000 ×g and the supernatant collected was neutralized with 5 M NaOH (1:0.8). Measurement of Na-F was monitored at λex = 440 nm and λem = 525 nm using a microplate reader (FLOUstar, BMG Labtechnologies, Durham, NC, USA). The concentration of Na-F in the brain was calculated using external standards with a range of 10-200 ng/ml, and the data was expressed as amount of Na-F /gm of the brain tissue.
Immunoprecipitation Total brain homogenates were centrifuged for 15 min at 40,000 ×g and the supernatant was used for the experiment. The supernatant was collected and protein concentrations were estimated using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA), by Bradford method as mentioned before. For immunoprecipitation of both Occludin and Claudin 5, 3 mg of protein were incubated overnight with either 10 µg of anti-mouse Occludin antibody or anti-mouse Claudin-5 antibody, with rocking at 4°C. Mice IgG was used as a negative control. The antibody protein mixtures were then incubated with 20 μl of Protein A/G plus beads (Santa Cruz Biotechnology, Santacruz, CA) for an additional 3 h with rocking (4°C), after which the beads were pelleted. For washing, the beads were centrifuged at 400 ×g for 3 min, supernatant was removed and 1 ml of ice-cold PBS was added and rocked for 10 min per wash (3X). The bound proteins were then eluted with an equal volume of sample buffer and resolved on 12% SDS-PAGE. Proteins were transferred and blotted against anti-rabbit 4-Hydroxy-2-nonenal (Alpha Diagonostic International, San Antonio, TX), anti-rabbit nitrotyrosine antibody (Chemicon Inc., Temecula, CA), anti-mouse Occludin (positive control), and anti-mouse Claudin 5 (positive control) antibody as mentioned previously.
Statistical Analysis
Group comparisons were performed using the one-way analysis of variance (ANOVA) test and the TUKEYS post hoc test. Statistical analyses were made using GraphPad Prism 5.01 (GraphPad Software Inc., La Jolla, CA). Statistical significance was set at p b 0.05.
Results
Effects of HIV proteins, METH and NACA on GSH levels in the brain
The effects of HIV proteins gp120 and Tat in the brain were studied. Compared to the controls and the NACA-alone treated group, the gp120-and METH-treated animals had decreases (∼20%) in the GSH levels in their brains. A significant and drastic decrease (∼85%) in the levels of GSH was observed in animals treated with Tat protein alone. In this study, animals treated with gp120 + Tat and gp120 + Tat + METH, also experiences significant decrease in GSH levels, as compared to the controls or the NACA-alone treated group. In addition, animals in the gp120 + Tat + METH treated group had lower GSH levels as compared to the gp120 + Tat-alone treated group (though not signficant), pointing to the fact that METH may be potentiating the oxidative stress induced by gp120 and Tat ( Fig. 2A) in the brain. However, animals in the gp120 + Tat+ METH group, pretreated with NACA, had a significant increase in the GSH levels, as compared to the gp120 + Tat + METHalone treated group, indicating that NACA was protecting the brain from HIV proteins and METH-induced oxidative stress. No difference in the GSH levels in the brains of control, gp120 -heat inactivated group and Tat heat-inactivated group were observed (Fig. 2B) .
Effects of HIV proteins, METH and NACA on Glutathione peroxidase (GPx) levels in the brain Antioxidant enzymes like GPx, are involved in the detoxification of organic peroxides in the body. Animals injected with gp120, Tat and METH alone had lower levels of GPx in the brain, as compared to the animals in the control group and NACA alone-treated group. Animals treated with gp120 + Tat and gp120 + Tat + METH had significant decreases in their GPx levels, as compared to that of the control animals. However, a complete reversal in the GPx levels was observed in animals of the gp120 + Tat + METH group, pretreated with NACA (Fig. 3) .
Effects of HIV proteins, METH and NACA on lipid peroxidation in the brain
Lipid peroxidation is an important consequence of oxidative stress, and can be estimated by measuring the levels of malondialdehyde (MDA), a stable by-product of lipid peroxidation. A significant increase in the level of MDA was observed in the brain tissue of animals treated with gp120, Tat and METH, as compared to that of the control and NACA-alone treated group. Animals treated with gp120 + Tat had a higher MDA level than that of the gp120, Tat-alone treated group. Further, animals treated with gp120 + Tat + METH experienced the highest level of lipid peroxidation, as compared to all other groups (Fig. 4) . However, animals in the gp120 + Tat + METH group, pretreated with NACA, had a significantly lower MDA level than that of the untreated group, indicating that NACA was protecting the animals from oxidative stress-induced damage. Animals in the gp120 heatinactivated group and Tat heat-inactivated group, had similar MDA levels as those of the control animals (data not shown). 
Effects of HIV proteins, METH and NACA on protein carbonyl levels in the brain
Compared to the control and NACA-alone treated group, gp120 and METH treated animals had increased protein carbonyl levels in their brains. A significant increase in the levels of protein carbonyl was observed in animals treated with Tat and gp120 + Tat. In addition, the protein carbonyl levels in the brains of mice treated with gp120 + Tat + METH were significantly greater than those of the gp120 + Tat treated animals, indicating that METH was potentiating the oxidative stress induced by gp120 + Tat alone (Fig. 5) . Pretreatment of animals in the gp120 + Tat + METH group with NACA, significantly lowered the protein carbonyl levels in their brains.
Western blotting of tight junction proteins
To understand if HIV viral proteins and METH alter the permeability of the BBB, the levels of TJ proteins were evaluated. A significant decrease in the expression on ZO1 and Occludin protein, were observed in the brain of animals treated with gp120 + Tat + METH, as compared to the controls (Figs. 6A, C) . However, no significant change in the expression of ZO2 and Claudin 5 protein, was observed in the gp120 + Tat + METH treated group (Figs. 6B, D) , though a trend towards decrease in the expression of these proteins were observed when compared to controls. Interestingly, animals in the gp120 + Tat + METH group, pretreated with NACA had a significant increase in the expression of ZO1, Occludin proteins suggesting that the thiol antioxidant NACA was protecting the BBB from oxidative stress induced damage.
Effects of HIV proteins, METH and NACA on blood brain barrier permeability
Changes in the permeability of the BBB were further confirmed using Na-F fluorescent tracer. A significant increase in the Na-F levels (about 2-fold) were observed in the brains of animals treated with gp120 + Tat + METH as compared to the controls and the NACA treated group (Fig. 7) , indicating that HIV proteins and METH were affecting the permeability of the BBB. However, the animals in the gp120 + Tat + METH group pretreated with NACA, had Na-F levels in the brains that were similar to that of the control group, indicating that NACA was protecting the BBB from gp120 + Tat + METH induced damage.
Immunoprecipitation to assess oxidative modification of tight junction proteins
Immunoprecipitation assay was conducted to assess if tight junction proteins like Occludin and Claudin 5 have been oxidatively modified. Total brain homogenates immunoprecipitated with Occludin and Claudin 5 antibodies, were immunoblotted with anti-HNE (to detect Michael's adducts) and anti-nitrotyrosine (to detect 3-NT) antibodies. For these experiments, Occludin and Claudin 5 were used as a positive control, and IgG as a negative control. As evident by the immunoblotting, both in Occludin and Claudin 5 protein, a higher expression of Michael's adduct was observed in animals treated with gp120 + Tat + METH, when compared to the controls (Figs. 8 and 9 ). Animals in the gp120 + Tat + METH group pretreated with NACA, had lower expression of the adducts as compared to the untreated group, indicating that the tight junction proteins underwent higher protein modification in the gp120 + Tat + METH group, as compared to the control or the NACA pretreated group. Similarly, higher expression of 3-NT adducts were observed in Claudin 5 of animals treated with gp120 + Tat + METH as compared to the animals in the control or NACA pretreated group (Fig. 9) . However, no such changes were evident in the Occludin protein, and animals in the control, gp120 + Tat + METH and gp120 + Tat + METH pretreated with NACA had similar levels of 3-NT (Fig. 8) .
Discussion
In the recent years, METH use has been implicated in worsening of HIV associated neurological impairments, especially HAD [43] [44] [45] [46] [47] . The neurotoxic effect of METH increases dopamine and glutamate formation in the brain that, in turn, mediates damage to the dopamine neurons through the formation of toxic ROS [48] [49] [50] [51] . The HIV viral proteins (gp120 and Tat) have also been reported to increase oxidative stress in the brain [12] . Although both HIV viral proteins and METH are known to induce oxidative stress, nothing is known about whether METH potentiates oxidative stress induced by gp120 and Tat in concert or how it affects the functioning of the BBB. In this study we determined the oxidative stress parameters (GSH, MDA, GPx, protein carbonyl, modification of TJ proteins by 4-HNE, 3-nitrotyrosine) in the brains of animals exposed to gp120, Tat and METH. We also investigated the role of the antioxidant NACA in protecting the BBB from oxidative stress-induced damage.
The human brain uses more than 20% of the oxygen consumed by the body [52] , as a result of which, the potential for the generation of ROS during oxidative phosphorylation in the brain increases to a great extent [53] . For proper functioning of the brain, the ROS has to be counter-balanced by an antioxidant defense system. Glutathione (L-γ-glutamyl-L-cysteinylglycine, GSH) is the key low molecular thiol antioxidant involved in the defense of brain cells against oxidative stress [54, 55] . In the literature, a decrease in GSH levels has been connected to physiological processes such as aging [56] and neurological disorders like schizophrenia [57] , Alzheimer's disease [58] , and epilepsy [59] . In patients with Parkinson's disease, the GSH content in the brain region has been reported to decrease by 40-50%, as compared to that of controls [60, 61] . Similar results were observed in our current study, where animals exposed to HIV viral proteins (especially gp120 + Tat) had significant decreases in GSH levels in their brains as compared to controls. The greatest decline in the level of GSH was observed in animals treated with both HIV viral protein (gp120 + Tat) and METH, indicating that METH was potentiating the oxidative stress-induced by the viral proteins. However, pretreatment of the animals (in the gp120 + Tat + METH group) with NACA, increased the GSH levels significantly, indicating that the antioxidant NACA was able to partially abrogate oxidative stress induced damage in these animals. Although GSH is the primary molecule involved in detoxification of ROS in the body, antioxidant enzymes like GPx, are also known to play a role in this process. During detoxification of peroxides, the enzyme GPx converts GSH to GSSG (glutathione disulphide). A significant decrease in the activity of GPx was observed in animals treated with gp120 + Tat and gp120 + Tat + METH, as compared to the controls, indicating that the overwhelming oxidative stress induced by these toxins deplete the antioxidant enzyme in the brain. However, animals in the gp120 + Tat + METH group, pretreated with NACA, had GPx levels similar to that of the control. This is in agreement with previous studies from our laboratory, where NACA has been reported to inhibit METH-induced oxidative stress, in an in vitro model of BBB [62] .
Free radicals, produced by oxidative stress, damage different biological molecules like protein, lipid and DNA. Membrane lipids form an important constituent of the BBB, providing a large surface area across which lipid-soluble molecules undergo diffusion by the transcellular pathway [63] . Membrane lipids undergo oxidation, producing cytotoxic lipid peroxidation products like MDA and 4-hydroxynonenal (4-HNE), which adversely affect the integrity of the BBB [64] . Conversely, treatment of cells with inhibitors of lipid peroxidation products decreased the BBB permeability by modulating the passage of transcellular substances [65, 66] . Further, MDA has also been reported to be neurotoxic. In addition to this, reactive oxygen species (ROS) are also known to convert amino groups of proteins to carbonyl moieties [67, 68] , which leads to the loss of their functional activities [69, 70] . Increases in protein carbonyl levels have been reported in the brains of patients suffering from amyotrophic lateral sclerosis [71] . Further, modifications of key enzymes and structural proteins have also been demonstrated to lead to neurobiliary degeneration of neurons in patients suffering from Alzheimer's disease [72] . Our results are in good agreement with these studies where animals treated with gp120 + Tat + METH experience significant increases in lipid peroxidation and protein carbonylation, as compared to the controls, thereby pointing to the role of oxidative stress induced damage in our model.
In addition, HIV patients abusing addictive drugs like METH have been reported to have exacerbated neurodegenerative changes [73] [74] [75] [76] [77] , and one of the most critical factors in the development and progression of these changes is the loss of integrity of the BBB [78] [79] [80] . The BBB, composed primarily of the brain microvascular endothelelial cells, forms a tight seal due to the presence of well developed tight junctions (TJ) that restrict the entrance of circulating molecules and immune cells into the brain [81] . The major component of the TJ includes transmembrane proteins, occludin and claudins, and the submembranous peripheral ZO proteins [82, 83] . These TJ proteins are not only involved in paracellular transport [84] , but also play a role as signaling molecules involved in actin cytoskeleton reorganization [85] . TJ proteins are also highly sensitive, and respond to the changes in their microenvironment by alteration and dissociation of the occludin/ZO complex, leading to impairment of the BBB [86] . In the current study, a decrease in the expression of ZO1 and occludin protein has been observed in animals treated with gp120 + Tat + METH, pointing to the alteration of BBB permeability in our model. However, no change in the expression of ZO2 and claudin 5 was observed in our model. Pretreatment of the animals with the antioxidant NACA, increases the expression of these TJ proteins. An increase in BBB permeability was further confirmed by the Na-F tracer experiment, where animals pretreated with NACA in the gp120 + Tat + METH group had significant decrease in the Na-F levels in their brain as compared to the gp120 + Tat + METH alone treated group, indicating the role of oxidative stress in altering the permeability of the BBB in our model.
In addition to this, TJ proteins like occludin and claudin 5 were also found to be modulated by 4-HNE in our model. As mentioned before, 4-HNE, one of the major biologically active aldehydes generated from peroxidation of membrane lipids [87] , and has been implicated in actin cytoskeleton remodeling and disruption of endothelial cell barrier in the lungs [88] . One of the initial reactions of 4-HNE in the cells is the protein modification by the formation of Michael adducts [89] [90] [91] [92] which, in turn, are capable of invoking a wide range of biological activities by modulation of different cell signaling pathways Fig. 7 . Effect of HIV viral proteins and methamphetamine on blood brain barrier permeability. CD1 mice pretreated with NACA or saline, were injected with HIV viral proteins (gp120 and Tat) and methamphetamine for 5 days. BBB permeability was evaluated by administration of the sodium fluorescein (Na-F) tracer (i.p), as described in the Materials and Methods section. After perfusion, the level of Na-F in the brain tissue was measured. The results are expressed as ng of Na-F/ gm of brain tissue. * Values significantly different from the control and NACA-alone group. # Values significantly different from the gp120 + Tat+ METH+ NACA treated group. [88]. These adducts have also been reported to increase paracellular transport of albumin across the human umbilical endothelial cell monolayer [93] and permeability of the BBB [94] . In the current study, an increase in the expression of Michael's adducts was observed in the TJ proteins (occludin and claudin 5) of animals treated with gp120 + Tat + METH, indicating altered permeability of the BBB in our model. Further, studies by Usatyuk et al. [88] , have shown that Michaels adducts induce oxidative stress by depleting intracellular GSH level, modulate MAPK activation, and alter the endothelial cell barrier function. This is in agreement with our studies, where Michael adduct formations in TJ proteins (claudin 5 and occludin), were partially blocked by pretreatment with the thiol protectant NACA.
In addition to Michaels adduct, damage to the BBB have also been linked to 3-NT, a specific and stable marker for peroxynitrite formation [95, 96] . An intense and widespread deposition of 3-NT has been observed in the autopsy CNS tissues of patients with AIDSassociated dementia. However, no 3-NT was detected in patients who had died with HIV encephalitis not associated with dementia [97] . Further, the presence of 3-NT was also detected in patients suffering from multiple sclerosis [98] . These findings are similar in lines with our current study, where the TJ protein claudin 5 were found to be modulated by 3-NT in animals treated with gp120 + Tat+ METH, pointing to the role of 3-NT in the alteration of BBB permeability in HAD.
In summary, results from the present study indicates that in our animal model, addictive drugs like METH potentiate oxidative stress induced by gp120 and Tat in concert (Fig. 10) , by decreasing the levels of the antioxidants GSH and GPx in the brain. The free radicals also modify the lipid and protein molecules in the brain, as indicated by the increase in MDA and protein carbonyl levels. Treatment of animals with gp120 + Tat + METH, also alters the expression of the TJ proteins, in addition to modulating it, leading to a compromised BBB integrity. However, pretreatment of these animals with the thiol antioxidant NACA, confers protection to these animals and, thus, could be considered as a viable therapeutic option for patients suffering from HAD and other neurodegenerative diseases. . HIV viral protein gp120 and Tat, along with methamphetamine, synergistically increases oxidative stress induced damage by lowering the level of antioxidant enzymes GSH and GPx and increasing oxidative modification of proteins and lipids in the brain. This leads to decrease in the expression of tight junction proteins in the blood brain barrier (BBB), as a result of which the BBB permeability increases. Further, oxidative modification of the tight junction proteins also aids in increase in permeability of the BBB, leading to increased passage of toxins and leukocytes in to the brain leading to severe dementia in HIV patients abusing methamphetamine. However, pretreatment with the novel antioxidant, NACA partially restores the oxidative balance in the brain and maintains the BBB permeability, thus protecting the brain from toxins and inflammation.
